Introduction
Plasmodium falciparum is the most deadly of five Plasmodium species that infect humans, with an estimated 584,000 deaths (90% from sub-Saharan Africa and 78% children b 5 years of age) in 2013 (WHO, 2014) . Increasing drug resistance of the parasites and insecticide resistance of the vector mosquitoes have made malaria control difficult, and there is a strong demand for an effective vaccine to contain this deadly disease. However, antigen polymorphism of many asexual stage vaccine candidates such as merozoite surface protein 1 (MSP1), MSP2, and MSP3 (Jordan et al., 2009; Koukouikila-Koussounda et al., 2012; Sakihama et al., 2001) hamper the development of vaccines effective against all parasite populations. Thus, successful interventions targeting different developmental stages will require better understanding of genetic variations of target antigens within and between parasite populations.
Apical membrane antigen 1 (AMA1) is conserved in apicomplexans, and P. falciparum apical membrane antigen-1 (PfAMA1) is one of the leading blood stage vaccine candidates in human trials (Dutta et al., 2003; Kocken et al., 2002; Mitchell et al., 2004) . PfAMA1 is an 83 kDa antigen synthesized by mature blood stages of the parasite and is initially localized in the micronemes of the merozoite, an apical organelle that plays a key role in erythrocyte invasion (Healer et al., 2002; Narum and Thomas, 1994; Peterson et al., 1989) . Prior to merozoite invasion, PfAMA1 is processed into a 66 kDa product and released onto the merozoite surface, where they participate in the formation of tight junctions by interacting with the RON proteins and transducing the force generated by the parasite motor during internalization (Bargieri et al., 2012; Cao et al., 2009; Richard et al., 2010) . The complete 1686 bp PfAMA1 coding region contains an ectodomain with three sub-domains (Domains I-III) (Silvie et al., 2004) . A higher rate of mutations and level of diversifying selection have been shown in Domain I (Cortes et al., 2003; Figtree et al., 2000; Garg et al., 2007; Thakur et al., 2008) . However, Domain II presents a high-degree of amino acid sequence conservation. A loop region within this domain has been shown to contain an epitope recognized by an invasion-inhibitory monoclonal antibody (Chesne-Seck et al., 2005) .
The ectodomain of AMA1 are highly immunogenic. Antibodies raised against AMA1 inhibit merozoite invasion in vitro Healer et al., 2004; Hodder et al., 2001; Kennedy et al., 2002; Kocken et al., 2002; Kusi et al., 2009; Remarque et al., 2008) . Immunization with recombinant AMA1 has been shown to elicit protective antibody response against homologous strain challenges in both rodent and primate models, but the response is less protective against a heterologous parasite line (Healer et al., 2004; Remarque et al., 2008) . Antibodies to AMA1 are typically highly prevalent among malaria endemic populations . A systematic meta-analysis of data that met rigorous quality criteria detected a tendency towards a protective association among studies of AMA1 (Fowkes et al., 2010) . These results support the development of AMA1 as a malaria vaccine, but also highlight the need to better understand genetic diversity of PfAMA1.
The Greater Mekong Subregion (GMS) is one of the most threatening foci of malaria in Southeast Asia (Cui et al., 2012) . The recent emergence of artemisinin resistant P. falciparum parasites has posed a serious problem for both regional and global malaria control (Dondorp et al., 2011) . Within the GMS, more than half of the malaria cases and an estimated 75% of the malaria deaths occurred in Myanmar (Wang et al., 2015) . Moreover, international border regions, such as the one shared by China and Myanmar have the highest malaria incidence in the GMS (Cui et al., 2012) . Border malaria is extremely difficult to monitor and control, largely due to frequent human population movements across the porous international borders. In the present study, we investigated the genetic diversity in the ectodomain of PfAMA1 gene in the China-Myanmar border area. By comparing with global P. falciparum populations, we identified important differences in the PfAMA1 alleles and their frequencies, which bear important implications for the design of PfAMA1 based vaccines.
Materials and methods

Sample collection
A total of 171 field isolates were collected by finger-prick from patients attending malaria clinics in northwest Myanmar along the China-Myanmar border between April 2011 and October 2013. Blood samples were confirmed for P. falciparum infections based on microscopy of Giemsa-stained thick smears (Li et al., 2013) . Use of the samples for this study was approved by the Biomedical Research Ethics Review Board of China Medical University.
DNA isolation, PCR amplification and sequencing of the PfAMA1 gene
Plasmodium DNA was extracted from filter papers or whole blood using QIAamp DNA Blood Mini kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. Parasites were genotyped at three polymorphic loci to exclude multi-clonal infections (Meng et al., 2010) . Extracellular coding region contain Domains I-III (DI-III) of PfAMA1 were amplified using the following primer pairs: Pfama1_F (5′-GAAGTTCATGGTTCAGGTATAAG-3′), Pfama1_R (5′-GTATGGTTTTTC CATCAGAACTGG-3′), Pfama1_NF (5′-GATGCTGAAGTAGCTGGAACTC-3′), and Pfama1_NR (5′-GTGATGCTCTTTTTTCTTCCCCCC-3′). The PCR reaction contained 2 μl of 10× KOD-Plus-Neo buffer, 2 μl of 2 mM dNTPs, 0.8 μl of 25 mM MgSO 4 , 0.5 μl of 10 μM of each primer, 0.5 units of KOD-Plus-Neo DNA polymerase (Toyobo, Osaka, Japan), and 1.0 μl genomic DNA template in a final volume of 20 μl. The cycling parameters for the primary PCR were as follows: initial denaturation at 94°C for 2 min, 45 cycles of 94°C for 15 s, 56°C for 15 s, and 68°C for 90 s, and a final extension at 68°C for 5 min. The amplification conditions for nested PCR were the same as those for primary PCR except that the number of cycles was 35 cycles. Nested PCR products were agarose gel purified using the QIAquick Gel Extraction Kit (QIAGEN, CA, USA), as per manufacturer protocol for preparation of templates for sequencing. Purified PCR products were sequenced with primers Pfama1_NF and Pfama1_NR in both directions using the ABI Prism® BigDye™ cycle sequencing kit (Applied Biosystems, Foster City, CA, USA).
Sequence alignment, polymorphism and statistical analyses
Of the 141 P. falciparum infections amplified by PCR, PfAMA1 was successfully sequenced from 135 samples (sequences submitted to GenBank under accession nos.: KT897327-KT897461). To evaluate the polymorphism of PfAMA1, the AMA1 gene (PF3D7_1133400) from the P. falciparum 3D7 strain was used as the reference gene. A single contiguous 1347 bp of PfAMA1 (nucleotide region 445-1791 and codons 149-597) was derived for each of the 135 PfAMA1 sequences, which include DI (codons 149-302), DII (codons 320-418) and DIII (codons 443-509). These sequences were aligned using the CLUSTAL W program in MEGA6.0 (Tamura et al., 2013) and exported as a FASTA alignment for statistical analysis using the DnaSP5.10.01 software (Librado and Rozas, 2009 ). The number of segregating (polymorphic) sites (S), nucleotide diversity (π), the average number of nucleotide differences (k), the number of haplotypes (H) and haplotype diversity (Hd) were calculated by DnaSP (Librado and Rozas, 2009 ). The distribution of nucleotide diversity (π) across the DI-III of AMA1 gene was analyzed using the sliding window method with a window size of 90 bp and a step size of 3 bp.
Haplotype network construction, linkage disequilibrium (LD) and Fst analysis
The haplotype network was constructed using the program NETWORK Version 4.6.1.3 with the Median-Joining method (Bandelt et al., 1999) . A total of 956 publically available PfAMA1 sequences representing seven P. falciparum populations were retrieved from GenBank: Thailand (Polley et al., 2003) , Papua New Guinea (Arnott et al., 2014) , Gambia (Tetteh et al., 2009 ), Nigeria (Polley and Conway, 2001) , Kenya (Osier et al., 2010) , Mali (Takala et al., 2009) , and Venezuela (Ord et al., 2008) . Analysis of the minimum number of recombination events (R M ) (Hudson and Kaplan, 1985) , recombination parameter C (C = 4Nr, where N is the effective population size and r is the probability of recombination between adjacent nucleotides per generation) (Hudson, 1987) , as well as linkage disequilibrium (LD) using the indices D′ (Lewontin, 1964) and R 2 (Hill and Robertson, 1968) were calculated by DnaSP (Librado and Rozas, 2009 ). To assess the proportion of genetic variance due to population subdivision, the inter-population variance in allele frequency at the PfAMA1 locus was compared among populations by calculating the Wright's Fst using DnaSP (Librado and Rozas, 2009 ).
Molecular evolutionary analysis
To test deviation from neutral evolution, the ratio of nonsynonymous substitutions to synonymous substitutions (d N /d S ) were calculated using the Nei and Gojobori method (Nei and Gojobori, 1986) with the Jukes and Cantor correction and were compared with the Z-test of selection (P b 0.05) in MEGA6.0 (Tamura et al., 2013) . A significant excess of d N relative to d S indicates positive natural selection, whereas negative values indicate negative or purifying selection (Nei and Gojobori, 1986) . Departure from neutrality was estimated by Tajima's D test, Fu and Li′s D* and F* tests and McDonald-Kreitman test. In Tajima's D test, departure from neutrality in the nucleotide frequency distributions is determined by divergence in the values of π (observed average pairwise nucleotide diversity) and θ (expected nucleotide diversity under neutrality derived from the number of segregating sites (S) (Tajima, 1989 ). Fu and Li′s D* and F* tests reflect the same trends as Tajima's D test and evaluate departure from neutrality by comparing the number of mutations in the external (considered to be "new" mutations) and internal (considered to be "older" mutations) branches of the genealogy. The number of mutations in external phylogeny branches was estimated from singleton sites (S) and the total number of mutations giving the D* index, or between S and η giving the F* index (Fu and Li, 1993) . A positive value of Tajima's D and Fu and Li′s D* and F* tests corresponds to positive natural selection, whereas a negative value indicating population size expansion and/or negative/purifying selection. Sliding window plots with a window size of 90 bp and a step size of 3 bp were also performed for Tajima's D and Fu and Li′s D* and F* tests by DnaSP5.10.01 (Librado and Rozas, 2009) . McDonald-Kreitman test (McDonald and Kreitman, 1991) was applied by taking a single Plasmodium reichenowi AMA1 sequence as the outgroup (accession no. AJ252087; Kocken et al., 2000) using DnaSP. The ratio of interspecies fixed synonymous substitutions to nonsynonymous substitutions is compared to that of intraspecific synonymous substitutions to nonsynonymous substitutions. An excess of the ratio between species over within species suggests purifying selection. Two-tailed Fisher's exact test was computed to determine the statistical significance (P b 0.05).
Results
Sequence diversity of the PfAMA1 gene among the China-Myanmar border isolates
For the 135 PfAMA1 sequences obtained from the China-Myanmar border isolates, the average number of nucleotide differences (k) for the entire 1347 bp sequenced region, DI, DII, and DIII were 15.15, 8.16, 1.55, and 2.06, respectively (Table 1) . A total of 34 distinct haplotypes (H) were identified. The haplotype diversity (Hd) was relatively high, with an average of 0.859 in the entire sequenced region of all isolates (Table 1) . Within the entire sequenced region (codons 149-597), there were 57 polymorphic sites. These polymorphic sites are distributed unevenly within the sequenced region, with 31, 7 and 8 being located in DI, were DII, and DIII, respectively (Table 1) . This is further illustrated in a sliding window plot of π across the sequenced region (Fig. 1A) . Likewise, the pairwise nucleotide diversity (π) is highest in DI (π = 0.018), and lower in DII (π = 0.005) and DIII (π = 0.010). Also illustrated by the locations of the substitutions (Fig. 1B) , DI (nt 445-906 and aa 149-302) is more polymorphic than DII (nt 958-1254 and aa 320-418) and DIII (nt 1327-1527 and aa 443-509).
Recombination and LD
We compared the recombination and LD of PfAMA1 between populations from the China-Myanmar border area and other geographic regions. A minimum of 16 recombination events were detected in the China-Myanmar border and in Thai samples (Polley et al., 2003) , compared to over 20 recombinant events detected in Papua New Guinea (Arnott et al., 2014) and African populations (Osier et al., 2010; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009) (Table 2 ). The recombination parameter (C) between adjacent nucleotide sites and for the whole sequence had a value of 0.003 and 3.8, respectively in the China-Myanmar border population. This value was much lower than that from other geographic areas analyzed in this study but higher than that of the Venezuelan population (Ord Table 2 ). The LD index R 2 decreased rapidly with increasing nucleotide distance for the China-Myanmar border samples, indicating a high meiotic recombination rate (Fig. 2) .
Fst analysis of PfAMA1 in the China-Myanmar border area and other countries
In order to understand the distribution of diversity across geographically different populations, Fst values of the China-Myanmar border population and seven worldwide populations with full-length ectodomain sequences were evaluated. Pairwise population comparisons showed a high level of genetic differentiation (Fst = 0.47) between the South American population (Venezuela) with the China-Myanmar border population, and other worldwide populations (range from 0.23-0.35). A moderate range of Fst value (0.13-0.16) was detected when comparing the China-Myanmar border populations with the Thai and African populations, but a much lower genetic difference was revealed when the China-Myanmar border population was compared with the Oceania population (Fst = 0.02) ( Table 3) .
Positive diversifying selection on PfAMA1 gene
Because of the observed high genetic diversity of PfAMA1, we evaluated signatures of selection on PfAMA1 in the China-Myanmar border isolates (Table 1) . A significant excess of nonsynonymous substitutions over synonymous substitutions was detected when the entire sequenced region was evaluated (P b 0.001). The same analysis performed against DI, DII, and DIII detected a significant excess of nonsynonymous substitutions over synonymous substitutions in DI, but not DII or DIII (Table 1 ). The results suggest that positive selection is acting on DI of PfAMA1. Tajima's D test shows positive values of D for the region as a whole and each domain separately (Table 1) . Although not significant, sliding window plot depicted positive D values in DI and linker regions of each domain, suggesting natural selection in these regions (Fig. 3) . Furthermore, Table 1 also shows significant values of Fu and Li's D* (1.911) and F* (1.929) for the entire sequenced region (Fu and Li's D*; P b 0.02 and F*; P b 0.05). When the three domains were separately assessed, significant deviations greater than zero were detected for DI (D* = 2.030, P b 0.02 and F* = 1.964; P b 0.05), but not DII or DII. Sliding window plot analysis of and Li's D* and F* also revealed a significant larger deviation than in DI (Fig. 3) . Finally, the McDonald-Kreitman test showed a significant excess of intraspecific nonsynonymous substitutions over synonymous substitutions in the entire sequenced region and DI as compared with interspecies fixed differences of nonsynonymous and synonymous changes, suggesting positive selection (P b 0.001 and P b 0.02). Although not statistically significant, DII and III show the same trend as DI, suggesting that positive selection occurred across the ectodomain of PfAMA1. Collectively, all evolutionary tests for neutrality detected a signature of positive diversifying selection on the whole sequenced region and DI at the 98% confidence level.
Haplotype network reconstruction
A haplotype network was constructed to establish the relationships among the PfAMA1 haplotypes from global P. falciparum populations. A total of 229 haplotypes were identified in 1091 sequences, of which 45.4% was singleton. Haplotype prevalence ranged from 0.4 to 38.9%. Haplotypes with sequences matching the P. falciparum vaccine strains 3D7 and FVO (GenBank accession no. AJ277646.1) were 9.6% and 7.8% respectively. Haplotypes 3, 5, 8, 15, 16 and 21 are shared between the China-Myanmar border population and African populations. Among which, haplotype 3 has an observed frequency of 38.9%, and it is the dominant haplotype of the China-Myanmar border population with a frequency of 60.4%. Haplotype 15 is the only haplotype shared among populations from the four continents (Asia, Africa, Oceania, and South America), with a frequency of 23.1% in total sequences analyzed. This haplotype occurred at 0.4% in the China-Myanmar border, 18.3% in African, 2.2% in Oceanian, and 2.2% in South American populations, respectively. To obtain a haplotype network of major haplotypes, we excluded the 104 singletons and frequency ≤ 2% haplotypes from analysis. When only the network torso is displayed, a clustered distribution of haplotypes correlated with the continents of origin and clearly separated the South American population from the rest of worldwide populations (Fig. 4) .
Discussion
The current study analyzed the extent of genetic polymorphism in and diversifying selection on PfAMA1 in the China-Myanmar border P. falciparum population. In this first attempt to determine PfAMA1 diversity from this region, we detected high levels of genetic diversity in the PfAMA1 ectodomain from 135 parasite isolates. This observation is comparable with results published on global isolates (Arnott et al., 2014; Ord et al., 2008; Osier et al., 2010; Polley et al., 2003; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009 ). Yet, the level of genetic diversity of PfAMA1 from the China-Myanmar border population is lower than that from the African populations (π = 0.026-0.028) (Osier et al., 2010; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009) , the Southeast Asian population (Thai, π = 0.025 (Polley et al., 2003) ), and the Oceania population (Papua New Guinea, π = 0.026 (Arnott et al., 2014) ), but higher than that from the South American population (π = 0.012 (Ord et al., 2008) ). The lower genetic diversity in P. falciparum population at the China-Myanmar border isolates is consistent with the epidemiologic characteristics of the study area, where malaria transmission is seasonal and unstable (Li et al., 2013) as compared to the holoendemic African regions. Though the number of analyzed sequences varied in parasite populations used in the comparison, the majority of mutation sites are shared among these populations, suggesting that similar selective forces (host immunity) act in various geographical regions.
Recombination and positive selection are possibly two major factors responsible for the evolution and genetic variation in PfAMA1 (Eisen et al., 1999) . In several populations, recombination is frequently observed, as shown by a high estimate of the recombination parameter, C, and very rapid decline in linkage disequilibrium with increasing distance between nucleotide sites (Osier et al., 2010; Polley et al., 2003; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009) . Though higher than that in the South American population (Ord et al., 2008) , the estimated recombinant parameters of our study population are much lower than those of the African populations (Osier et al., 2010; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009) . Within Southeast Asia, the recombination rate of the China-Myanmar border population is lower than that in the Thai-Myanmar border population (Polley et al., 2003) . Considering the average recombination rate in the P. falciparum genome as 1 cM per 17 kb of sequence (Su et al., 1999) , which equates to r = 6 × 10 −7 , the estimated genetically effective population size N in the current study would be 1.3 × 10 3 , which is much lower than the estimate for African populations at~6.6 × 10 4 (Polley et al., 2003) . This again may be due to the lower malaria endemicity in the China-Myanmar border area, which restricts the opportunity of multiclonal infections, subsequent crossfertilization, and recombination in mosquitoes (Walliker, 2000) . Our recent epidemiological studies at the international borders of the GMS showed much lower P. falciparum endemicity at the China-Myanmar border than at the Thai-Myanmar border (Baum et al., 2015; Zhou et al., 2014) . We also obtained evidence indicating limited genetic differentiation of PfAMA1 (overall Fst value 0.09) among parasite populations. However, the Fst value between the China-Myanmar border and the Venezuelan population (Fst = 0.47) showed evidence of strong population division (Ord et al., 2008) . In addition, Fst value for the China-Myanmar border population in comparison with other global populations showed moderate levels of genetic differentiation, which is largely due to geographic area-specific SNPs (Fst = 0.13-0.16 (Osier et al., 2010; Polley et al., 2003; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009 ). However, it is intriguing that the China-Myanmar border population showed little genetic differentiation from the Papua New Guinea population (Arnott et al., 2014) . While this may resulted from similar host immune selection forces imposed on PfAMA1 in these geographically separated parasite populations, it nonetheless raised hope that the final PfAMA1-based vaccine design targeting a limited number of PfAMA1-haplotypes may be effective for different endemic regions (Drew et al., 2012) .
The significant ratio of nonsynonymous to synonymous substitutions (d N /d S ) observed in our study and the other 7 P. falciparum populations suggest that amino acid replacements are generally favored in PfAMA1 and this adaptive evolution is presumably due to host immune pressure. Additional neutrality tests provided corroborating findings indicative of positive diversifying selection operating at PfAMA1 DI and possibly the entire ectodomain. Though the value of Tajima's D test was not significant in either total region or DI-III, the positive values of this test also indicated departure from neutral evolution and the tendency of positive diversifying selection, together with other studies, reflecting the importance of PfAMA1 as a target of host protective immunity (Cortes et al., 2003; Healer et al., 2004; Remarque et al., 2008; Terheggen et al., 2014) .
The number of haplotypes in DI (445-906 bp) identified in this study (20 haplotypes in 135 isolates) was larger than the numbers of Venezuelan (5 haplotypes in 30 isolates) and Thai (18 haplotypes in 50 isolates), but fewer than that from Papua New Guinea (27 haplotypes in 50 isolates), Gambian (51 haplotypes in 114 isolates), Nigerian (35 haplotypes in 51 isolates), Kenya (64 haplotypes in 129 isolates), and the Mali population (123 haplotypes in 506 isolates) (Arnott et al., 2014; Ord et al., 2008; Osier et al., 2010; Polley et al., 2003; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009) . Moreover, besides the Venezuelan population, haplotype diversity in DI (445-906 bp) in the China-Myanmar border population was lower than other analyzed populations (Arnott et al., 2014; Ord et al., 2008; Osier et al., 2010; Polley et al., 2003; Polley and Conway, 2001; Takala et al., 2009; Tetteh et al., 2009 ). Nonetheless, we identified 8 haplotypes that were unique from China-Myanmar border isolates. As one of the few vaccine candidates reaching clinical trials, all current AMA1 vaccines are based on sequences from one or two P. falciparum strains, 3D7 and FVO (Ellis et al., 2012; Laurens et al., 2013; Thera et al., 2010; Thera et al., 2011) . In our study, only 5% of the China-Myanmar border PfAMA1 haplotypes was identical to the FVO strain, and none of them was identical to the 3D7 strain. Thus general vaccine design based on these two variants may offer much lower protection. The inclusion of other PfAMA1 alleles needs to be considered given that the protective efficacy of AMA1 is allele specific.
In conclusion, our study presented baseline data of the PfAMA1 polymorphism in 135 P. falciparum isolates from the China-Myanmar border area. Understanding polymorphism and host immune response is an important aspect for malaria vaccine development in light of extensive antigenic diversity and allele-specific protective immunity.
